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Abstract 

Cystic fibrosis (CF), the most common autosomal recessive disease in Caucasians, is due to mutations in the CFTR gene. 
F508del, the most frequent mutation in patients, impairs CFTR protein folding and biosynthesis. The F508del-CFTR protein is 
retained in the endoplasmic reticulum (ER) and its traffic to the plasma membrane is altered. Nevertheless, if it reaches the 
cell surface, it exhibits a CI" channel function despite a short half-life. Pharmacological treatments may target the F508del- 
CFTR defect directly by binding to the mutant protein or indirectly by altering cellular proteostasis, and promote its plasma 
membrane targeting and stability. We previously showed that annexine A5 (AnxAS) directly binds to F508del-CFTR and, 
when overexpressed, promotes its membrane stability, leading to the restoration of some CI" channel function in cells. 
Because Gonadotropin-Releasing Hormone (GnRH) increases AnxAS expression in some cells, we tested it in CF cells. We 
showed that human epithelial cells express GnRH-receptors (GnRH-R) and that GnRH induces an AnxAS overexpression and 
an increased CI" channel function in FS08del-CFTR cells, due to an increased stability of the protein in the membranes. 
Beside the numerous physiological implications of the GnRH-R expression in epithelial cells, we propose that a topical use of 
GnRH is a potential treatment in CF. 
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Introduction 

Cystic fibrosis (CF) is the most common autosomal recessive 
disease in Caucasians. It is caused by mutations in the gene 
encoding the cystic fibrosis transmembrane conductance regulator 
(CFTR) protein [1]. CFTR which is a member of the ATP- 
binding cassette (ABC) transporter superfamUy, functions as an ion 
channel [1,2]. It is mosdy expressed in the apical membrane of 
epithelial cells and helps to maintain the fluid and electrolyte 
balance across the cell membrane. CFTR comprises two 
membrane-spanning domains (MSDs), two nucleotide-binding 
domains (NBDs) and a regulatory domain (RD). The CFTR 
protein undergoes a complex biosynthetic pathway in the 
endoplasmic reticulum (ER) in which molecular chaperones and 
co-chaperones are involved [3]. WUd-type CFTR (Wt-CFTR) 
biogenesis initiates in the ER where the protein is core- 
glycosylated, leading to an immature precursor form known as 
band B (~145 KDa). It further undergoes maturation and 
glycosylation through the Golgi, originating a complex mature 
form (band C, ~170-kDa) [4]. Only 25% to 70% of the precursor 
Wt-CFTR matures, depending on the cell type [5] . The remaining 
part undergoes ubiquitination and degradation by the proteasomal 



pathway [6,7]. In membranes, once phosphorylated by protein 
kinase A (PKA) in the R domain, CFTR functions as an ATP- 
gated chloride (CI ) channel [8]. 

Among the 1930 described mutations in the CFTR gene 
(http://www.genet.sickkids.on.ca/cftr/app), the deletion of phe- 
nylalanine at position 508 (F508del) is the most common one, 
associated with —70% of CF alleles [9]. The F508del mutation 
causes a protein folding defect, the nascent protein beeing retained 
in the ER. As a result, most of the F508del-CFTR channels are 
degraded intracellularly and very little is targetted to the plasma 
membrane [10-13]. Nevertheless, in the plasma membrane it 
exhibits a Cl~ channel activity despite an open probability 15 
times lower than that of Wt-CFTR [14-16]. Furthermore, the 
F508del-CFTR protein has a faster turnover at the cell surface 
than Wt-CFTR [17]. 

In order to overcome the F508del-CFTR defects and provide a 
potential treatment for CF, potentiators aimed to correct the 
channel's activity and correctors of the F508del-CFTR trafficking 
defect have been developed. Potentiators that increase the mutated 
CFTR's channel activity when it is phosphorylated function via 
direct binding to modulate the NBDs dimerization or to increase 
ATP binding and hydrolysis [18-20]. Correctors may act 
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indirectly or by a direct binding to F508del-CFTR. Indirect 
correctors such as 4-phenylbutyrate [21], glycerol [22], low 
temperature [23] and miglustat [24] act upon folding, ER 
retention, degradation and F5()8del-CFTR trafficking. To date, 
only few correctors that act specifically on F508del-CFTR by a 
direct binding and called pharmacological chaperones, are 
reported. These are VRT325, Corr4a, VRT532 and benzo[c]qui- 
nolizinium compounds [25-27]. Among potential proteins that 
bind to CFTR, we demonstrated that annexin A5 (AnxA5) binds 
directly to Wt- and F5()8del-CFTR when the channel is in the 
plasma membrane of cells. Indeed, we showed that AnxA5 is 
associated with the NBDl of CFTR and using a siRNA and 
overexpression approach, we showed that CFTR's channel 
function and membrane localization were dependent on AnxA5 
expression [28]. 

Because our previous results showed that raised AnxAo 
expression induced an augmented function of F508del-CFTR 
due to increased membrane locahzation [29], the aim of the 
present study was to highlight a mean to increase AnxA5 
expression in F508del-CFTR expressing cells, using a drug with 
no side effect upon cell sur\'i\ al. B(;( ausc it \vas previously showed 
that AnxA5 is synthesized in goiiadotropc's and in various cell 
types under the effect of gonadotropin-releasing hormone (GnRH) 
or some of its analogs, through mitogen activated protein kinase 
(MAPK), we tested the hypothesis that GnRH could increase 
AnxA5 expression in a human epithelial cell line and subsequendy 
induce an increased F508del-CFrR function [30-32]. Using 
PGR, western blottings, iodide (I ) efflux experiments and patch- 
clamp experiments we show here that human epithelial cells 
express GnRH- receptors (GnRH-R) and that GnRH induces an 
AnxA5 overexpression and subsequendy an increased CI channel 
function of F508del-CFTR, likely due to an increased localization 
of the protein in membranes. 

In conclusion, we show here that human epithelial cells do 
express GnRH-R, which has numerous physiological implications. 
We also propose that a topical use of GnRH is a potential 
treatment for CF. 

Methods 

Cell Culture 

The I6HBE14o~ and the CFBE41o~ airway epithehal cell lines 
were obtained from Professor D. Gruenert [33,34]. The 
16HBE14o— cell line was originally developed from human 
bronchial epithelium to study CFTR and retains many features of 
differentiated bronchial epitlu-lial cells [33]. The CFBE41o- 
respirator)' epithelial cell line was derived from the bronchus of 
a patient with cystic fibrosis and immortalized with SV40. Cell 
culture media and supplements were purchased from Lonza 
(Basel, Switzerland) and PAA (Pasching, Austria). The transduced 
CFBE41o" cell lines (CFBE41o"^corrected called CFBE41o-/ 
corr and CFBE41o ''F508del) used in experiments were cultured 
as described previously [35]. CFBE41o ^corr and 
CFBE41o"''F508del cells were obtained by wild-type and 
F508del-CFTR cDNA stably introduction into CFBE41o" cells, 
harbouring therefore the same genetic background [34,36]. Cells 
were treated with 10"^ M synthetic GnRH ([Gly-OH10]-LH-RH) 
from Sigma- Aldrich (Saint-Louis, MO, USA) for 30, 60, 120, 180 
and 310 min. 

Transfection 

For GnRH-R overexpression and inhibition, cells were trans- 
fected using Lipofectamine 2000 (Life Technologies Corporation, 
Carlsbad, CA, USA), according to the manufacturer's instructions. 



with eitiier the human cDNA clone pCMV6-XL5/GNRH-R 
(OriGene Technologies Inc., RockvUle, MD, USA) or the human 
GnRH-R siRNA (5'-GGAAUUUGGUAUUGGUUUG-3', si- 

GENOME individual duplex (Thermo Fisher Scientific Inc., 
Waltham, MA, USA). The scrambled control siRNA was 
siGENOME Non-Targeting (Thermo Fisher Scientific Inc.). 

RNA Extraction and Quantitative Real-time PCR 

Quantitative Real-Time PCR was performed to assess the basal 
GnRH-R and AnxAS mRNA expression in cells and to study their 
modulation after GnRH treatment. Cultured medium was 
removed and cells were washed twice with phosphate-buffered 
saline (PBS). RNA was extracted using RNeasy Plus mini kit 
(QIAGEN, Mississauga, ON, Canada) according to the manufac- 
turer's instructions. Extracted RNA was eluted in RNase-free 
water and the concentration was determinated using a nano- 
photometer (Implen GmbH, Mtinchen, Germany). Relative 
quantification of the transcripts was assessed in a two steps format 
(RT and qPCR). Real-Time PCR was performed using a 
QuantiTect® SYBR® Green PCR kit (QIAGEN, Mississauga, 
ON, Canada), according to the manufacturer's instructions. A 
Chromo 4^*^ System (Bio-Rad Laboratories Inc., Hercules, CA, 
USA) was used to amplify cDNAs and detect emitted fluorescence. 
The following primers were used: GnRH-R (319 pb), forward 5'- 
GACCTTGTCTGGAAAGATCC-3' and reverse 5'-CAGGCT- 
GATCACCACCATCA-3'; AnxA5 (149 pb), forward 5'- 
TTCTCAGAGGCACTGTGACTGACT-3' and reverse 5'- 
GATTTCCTGGCGCTGAGCATTACT-3'; G3PDH (121 pb), 
forward 5'-CCCATGTTCGTCATGGGTGTGAAC-3' and re- 
verse 5'-CAAAGTTGTCATGGATGACCTTGGC-3'. Reac- 
tions were carried out with the following parameters: enzyme 
activation at 95°C for 15 min, denaturation at 95°C for 30 sec, 
annealing at 57°C for 30 sec, extension at 72°C for 30 sec and a 
final extension at 12°C for 10 min. 30 and 35 cycles were used for 
AnxA5 and GnRH-R, respectively. For negative controls (NTC), 
cDNA was replaced by sterile RNase free water. Poly-A"^ mRNA 
from human breast adenocarcinoma (MCF 7 cells) and Poly-A""" 
mRNA from human pituitary gland (both from Clontech, 
Member of Takara Bio Inc., Shigan, Japan) were used as positive 
controls. 

Protein Extraction and Western Blot Analysis 

Untreated cells and GnRH treated cells were washed twice with 
cold PBS and were lyzed in RIPA buffi;r (25 mM Tris, 150 mM 
NaCl, 1% Triton X-100, 1% Na-Dcoxycholate, 0.1% SDS, 
10 mM iodoacetamide, 100 \lM PMSF; pH = 7.5) in the presence 
of Complete Protease Inhibitor Cocktail (Roche, Basel, Switzer- 
land). Total protein concentrations were determined using Lowry's 
methodology using bovine serum albumin as a standard [37]. 
Samples were resolved by SDS-PAGE (7.5 to 10%) and 
transferred onto a PVDF membrane (GE Healthcare, Chalfont 
St Giles, UK). After blotting, membranes were blocked with 5% 
(w/v) non-fat dried skimmed milk in PBS-0.1%Tween 20 or 
TEST (Tris-buffered saline plus 0.1% Tween 20). Blots were 
probed overnight at 4°C with mouse monoclonal antibody anti- 
GnRH-R (1:150, LH-RH Receptor Ab-3, clone GNRH03, MM 
France, FranchevUle, France) or goat polyclonal antibody anti- 
AnxA5 (1:400, clone R-20, Santa Cruz Biotechnology, CA, USA). 
Blots were further incubated with HRP-conjugated secondary 
antibodies [1:20000, anti-mouse and anti-goat secondary antibody 
were from Santa Cruz Biotechnology and Abeam (Cambridge, 
UK), respectively] and visualized by enhanced chemUumines- 
cence. ECL Plus and Forte chemHuminescence detection kits were 
from GE Healthcare and Merk Millipore (Billerica, MA, USA), 
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Figure 1. Basal mRNA and protein expression of GnRH-R. A. The upper left panel shows representative PCR bands for GnRH-R (319 bp) after 
separation (2% agarose gel). A single band is observed in 16HBE14o" (lane 1), CFBE41o" (lane 2), CFBE41o"'corr (lane 3) and CFBE41o"'F508del (lane 
4) cells. No signal is observed in the negative control (lane 5). The upper right panel shows positive controls (human pituitary gland and human 
MCF7cell line, lanes 1 and 2, respectively) for the detection of GnRH-R. cDNAs were from the human pituitary gland and the human IVlCF7cell line 
(breast adenocarcinoma), respectively. The mRNA expression of G3PDH (121 bp) is shown lower panel for the same samples. MW is the molecular 
weight given in base pairs (bp). B. The quantitative analysis (n = 5) of the mRNA of GnRH-R. Ct is the Cycle Threshold. A hight Ct correspond to low 
mRNA abundance because more PCR cycles are needed to detect it. Endogenous control has a lower Ct than the target mRNA. Therefore, a low ACt 
( = Ct gene - Ct control) correspond to high mRNA abundance C. Upper panel shows representative immunoblots of GnRH-R (64 kDa) and lower 
panel shows representative immunoblots of G3PDH (37 kDa). A protein expression is observed in 16HBE14o" (lane 1), CFBE41o" (lane 2), 
CFBE41o~'corr (lane 3) and CFBE41o"'F508del (lane 4) cells. A positive control (lane 5) was used for the detection of GnRH-R (human breast duct 
carcinoma (T-47D) whole cell lysate). G3PDH was used for further normalization. D. The densitometric analysis of GnRH-R expression (n = 6) did not 
show any difference between cell lines. 
doi:10.1371/journal.pone.0088964.g001 



respectively. The relative intensity of ea[:h band was estimated by 
densitometry using BIO- ID software (BioRad). Each value was 
normalized to the amount of G3PDH in the same lane which was 
assessed on the same immunoblots probed with mouse monoclonal 
antibody anti-G3PDH (1:30000, clone 6C5, Interchim SA, 
Montlugon, France). Positive controls for GnRH-R and AnxA5 



were a whole cell lysates of human breast duct carcinoma (T-47D, 
Tebu-Bio, Le-Perray-en-Yvelines, France) and pure AnxA5 from 
human placenta (33 kD, Sigma-Aldrich), respectively. 
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Figure 2. Validation of the detection of GnRH-R in immunoblots. A. Representative immunoblots of GnRH-R detection (upper panel) after 
48 h transfection with the Human cDNA clone pCMV6-XL5/GNRH-R In 16HBE14o" (1) and CFBE41o" (2) cells. pCIVIV6-XL5 empty plasmid was used as 
a control. B. The densltometric analysis after normalization by G3PDH expression and comparison with the controls, indicate that the GnRH-R 
expression in significantly increased, (n = 5). C. Representative immunoblots of GnRH-R detection after 72 h transfection with a sIGENOME individual 
duplex targeting GnRH-R in 16HBE14o" (1) and CFBE41o" (2) cells. sIGENOIVIE Non-Targeting was used as control. A decreased expression of GnRH-R 
is observed in both cell types. D. The densltometric analysis after normalization by G3PDH expression and comparison with the controls, indicate that 
the GnRH-R expression is significantly decreased in 16l-IBE14o~ (1) and CFBE41o~ (2) cells (n = 7) In the presence of siRNA. 
doi:10.1371/journal.pone.0088964.g002 
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Figure 3. Basal mRNA and protein expression of AnxAS. A. The 

left image shows representative PGR bands for AnxAS (149 bp) and the 
right image shows representative PCR bands for G3PDH (121 bp, 2% 
agarose gel). A single band is observed in 16HBE14o~ (lane 1), 
CFBE410" (lane 2), CFBE41o"'corr (lane 3) and CFBE41o"'F508del (lane 
4) cells. No signal is observed in the negative control (lane 5). MW is the 
molecular weight given in base pairs (bp). B. The gene expression of 
AnxAS was determined by quantitative Real-Time PCR in each cell line 
and data were analyzed by using ACt (target - reference). Comparison 
between CFBE41 o"'corr (3) and CFBE41 o"'FS08del (4) cells show a 
higher expression in CF cells. C. The upper image shows a 
representative immunodetection of AnxAS protein (3S kDa) and the 
lower image shows the immunodetection of G3PDH (37 kDa) protein 
expression in 16HBE14o" (lane 1), CFBE41o" (lane 2), CFBE41 o"'corr 
(lane 3) and CFBE41o~'FS08del (lane 4) cells. Pure AnxAS was used as a 
positive control (lane S). G3PDH was detected to show that the loading 
was identical in each lane and for further normalization. D. Statistical 
analysis of AnxAS expression (n = 6) indicate that the expression of 
AnxAS does not vary among cell lines although it tends to be higher in 
CFBE41o"'corr and CFBE41o"'F508del cells than in 16HBE14o" or 
CFBE410" cells. 

doi:1 0.1 371/journal.pone.0088964.g003 

r Effluxes Experiments 

Cells were cultured in 24-wen microplates for 3 to 7days. 
Confluent monolayers were used, and iodide effluxes were assayed 
as previously described [38]. Briefly, the F508del-CFTR Cr 
channel a( ti\dty ^vas assayed by measuring the rate of iodide ('^^I) 
efflux from cells and time-dependent rates of '^^I efflux were 
calculated from the following: In ('^^I tl/'^^It2)/(tl- t2), where 
'^■^It is the intracellular '^'^I at time t, and tl and t2 successive time 
points. Curves were constructed by plotting rates of ' I versus 
time. All comparisons were based on maximal values for the time- 
dependent rates (k = peak rates, min"'), excluding the points used 



to establish the baseline (k peak-k basal, min~ ). Activators were 
included in the efflux buffer from time 3 min, and collection 
continued at 1-min intervals for an additional 7 min in the 

continued presence of tested compounds (for other details, [38])). 
To test the effect of GnRH exposure on halide permeability, CF 
and non-CF cells monolayers were incubated with 0.1 to 100 nM 
GnRH for 1 h before the efflux experiment. 

Patch-clamp Experiments 

Patch-clamp experiments were performed with an automatic 
Nanion's electrophysiology workstations Port-a-Patch (Nanion 
Technologies GmbH, Germany) coupled to an external amplifier 
unit HEKA EPC-IO [39]. Whole-cell patch-clamp recordings 
were performed at room temperature (2()-25"C) on isolated 
CFBE41o-/corr and CFBE41o-/F508del cells, with and 
without GnRH treatment. Before recording, the culture medium 
was replaced by the external solution contained the following (in 
mM): 140 NaCl, 2 CaC12, 1 MgC12, 10 Hepes, 5 D-glucose 
monohydrate. Its final pH value was adjusted to 7.4 with NaOH 
and its osmolarity was 298 mOsmol. The internal solution 
contained the following (in mM): 50 CsCl, 10 NaCl, 60 Cs- 
Fluoride, 20 EGTA, 10 Hepes/CsOH, and 5 Mg-ATP (Mg salt); 
pH 7.2; 285 mOsmol. CFTR-inhibitor solution (10 (iM 
CFTRinhl72, Sigma) and CFTR-activator solution (10 |XM 
forskolin and 30 |J,M genistein both from Sigma) were added to 
the external solution to inhibit or activate CFTR, respectively. 
Voltage-clamp pulses were generated and data were captured 
using the Patchmaster program (Nanion Technologies GmbH, 
Germany"). Voltage-dependent properties were assessed by apply- 
ing voltage steps of 100 ms duration from a holding potential of - 
80 mV to t(\st potentials ranging from —80 to +80 mV with 
10 mV increments. Series resistance was compensated. For 
graphic representations of I/V relationship currents were 
normalized by membrane capacitances to remove variability due 
to diflFerences in cell sizes. 

Cell Surface Biotinylation 

Cells were grown in serum-free medium overnight before 
GnRH incubation. Culture medium was then removed and cells 
were washed three times with PBS plus 0. 1 mM CaC12 and 1 mM 
MgC12 (pH 7.4) and once with PBS (pH 8). Cells were exposed to 
sulfo-NHS-SS-biotin for 30 min on ice, rinsed twice with BSA 
quenching buffer (1 % BSA in PBS, pH 7.4) and incubated 10 min 
in the same buffer. Cells were scraped in PBS, pH 7.4 and 
centrifuged at 2400 rpm (6 min, 4°C). Cell pellets were suspended 
in RIPA buffer plus anti-pr<)t(;ases and incubated for 30 min on 
ice. The resulting lysates were centrifuged at 16000 g for 15 min 
at 4°C and total cellular protein content was determined using 
Lowry's method. The supematants were incubated with strepta- 
vidin beads (Novagen/EMD Chemicals, Madison, WI, USA) 
overnight at 4°C. After a brief ceiitrifugation, supernatants were 
removed and the beads were washed four times in RIPA. 
Biotinylated proteins were eluted from streptavidin beads using 
5X sample buffer containing 2-mercaptoethanol to cleave the 
NHS-SS-biotin and western blots were probed overnight at 4°C 
with a mouse monoclonal anti-CFTR antibody (1:500, clone 
M3A7, Merk Millipore). For normalization, Na+/K+-ATPase 
expression was assessed on the same blots probed with a mouse 
monoclonal antibody (1:200, clone 9-A5, Santa Cruz Biotechnol- 
ogy). A positive control was used to assess the mature band of 
CFTR (T84, human colorectal carcinoma whole cell lysate). 
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Figure 4. AnxAS expression wlien ceils are treated for 60 min witKi GnRI-l. A. Representative immunoblots showing AnxAS and G3PDI-I 
expression in 16HBE14o" (1), CFBE41o" (2), CFBE41o"'corr (3) and CFBE41o"'F508del (4) cells after 60 min of treatment by GnRH (10"^ M). An 
increased expression is observed in all cell types. B. Densitometric analysis of AnxAS expression. Data are normalized by G3PDH. AnxAS protein 
expression is presented as mean ± S.E.M (7 independent experiments with n £2 for each experiment). For each cell line, the statistical analysis was 
performed by comparing the normalized amount of AnxAS between cells incubated with bufifer alone (white bars adjusted to 1) and cells incubated 
with GnRH (black bars). 
doi:1 0.1 371/journal.pone.0088964.g004 



Confocal Microscopy 

CFBE41o"^corr and CFBE41o"^F508del cells were plated on 
18-mm diameter glass coverslips at low density and maintained in 
culture at 37°C for 24 to 48 h before exposure to GnRH. Cells 
were rinsed in TBS, fixed (3% paraformaldehyde in TBS, 20 min, 
room temperature), rinsed in TBS, permeaMized (0.10% Triton 
X-100 in TBS) and rinsed again. The samples were then stained 
by indirect immunofluorescence. After fixation, non-specific sites 
were blocked with 0.5% bovine serum albumin (BSA) in TBS 
(60 min at room temperature). The cells were then stained with 
primary antibody (anti-CFTR antibody 24-1, 1:50, RD Systems, 
Minneapolis, MN, USA) for 90 min at room temperature and 
rinsed four times in TBS containing 0.5% BSA. Next, samples 
were incubated with the goat anti-mouse secondary antibody 
conjugated to Cy3 (1:400, Jackson Immunoresearch Laboratories, 
West Grove, PA, USA) for 60 min at room temperature. After 
final washes, samples were mounted in VectaShield plus DAPI 
(VECTOR Laboratories Inc., Burlingame, CA, USA), dried, and 
viewed with a confocal laser-scanning microscope (LSM 780, Axio 
Observer, Plan-Apochromat 63X/1.40 oil; Carl Zeiss GmbH, 
Jena, Germany). Negative controls in which primary antibody was 
omitted was performed. 

Statistics 

Results are expressed as the means ± S.E.M of n observations. 
Data were compared using the Student's t test analysis with 
STATGRAPHICS version 4.1 (SIGMA PLUS, Levallois-Perret, 



France) and differences were considered statistically significant 
when p<0.001 (***); p<0.01 (**) and p<0.05 (*). 

Results 

Basal Expression of GnRH-R 

Basal mRNA and protein expression of GnRH-R was assessed 
in 16HBE14o", CFBE41o", CFBE41o"^corr and 
CFBE41o"^F508del cells. As shown in Fig. lA, a single PGR 
band for GnRH-R (319 bp) was observed in the four cell lines 
whereas no signal was observed in the negative control. cDNAs 
from human pituitary gland and human MCF7 cell line (breast 
adenocarcinoma), were used as positive controls. The mRNA 
expression of G3PDH (121 bp) in the same samples showed no 
variation of the signal intensity. The mRNA expression of GnRH- 
R was quantified (Fig. IB). Because the genetic background is only 
comparable between CFBE41o — /corr and CFBE41o — /F508del 
cells, statistical analysis was only performed for these cells and a 
higher mRNA expression was observed in CFBE41o— /F508del 
cells. Western blots were performed to detect GnRH-R (64 kDa) 
and G3PDH (37 kDa) in the cell lines (Fig. IC), using a whole cell 
lysate of human breast duct carcinoma (T -47D) as a control. The 
results indicate that the GnRH-R is present in all the samples. The 
densitometric analysis of the signals (Fig. ID) did not show any 
difference between CFBE41o-/corr and CFBE41o-/F508del 
cells. 

To assess the GnRH-R antibody's specificity, the GnRH-R's 
expression was modulated before immunodetection. First, 
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Figure 5. Activation of wild-type and F508del-CFTR cKiloride 
cKiannel activity in cells treated by GnRIH. A. Example of mean 
traces showing the restoration of an iodide efflux in 16HBE14o- cells 
untreated or treated 1 h with 1 nM GnRH and stimulated by 10 jlM 
forskolin and 30 [iM genistein. B. Bar graph showing the enhancement 
of the chloride channel function of CFTR in 16HBE14o~, CFBE41o", 
CFBE41o"'corr and CFBE41o"'F508del cells (1, 2, 3 and 4, respectively) 
using iodide efflux experiments. Histograms show the mean relative 
rate of iodide efflux in each cell type, with and without GnRH 
treatement. A significant increase Is observed In the presence of GnRH 
(n=4). 

doi:1 0.1 371/journal.pone.0088964.g005 

16HBE14o", CFBE41o" cells were transfected with a GnRH-R 
expression vector in which the cDNA encoding GnRH-R was 
ligated. As shown in Fig. 2A, the immunoblots indicated that the 
transfection induced an increased expression of the receptor. The 
control cells were transfected \\ ith the empty vector and G3PDH 
was detected for further normalization. The quantitative analysis 
of the blots (Fig. 2B) showed that the transfection of the expression 
vector induced an increased expression of GnRH-R of 70% and 
44% in 16HBE14o", CFBE41o" cefls, respectively, when 
compared to the control cells. Second, a siRNA directed against 
GnRH-R was used and a decreased expression of the protein was 
observed in both cell types (Fig. 2C). The quantitative analysis of 
the blots (Fig. 2D) showed that the siRNA induced an decrease 
expression of GnRH-R of 64% and 65% in 16HBE14o", 
CFBE41o cells, respectively, when compared to the control cells 
which were transfected with a scrambled siRNA. 

Basal Expression of AnxA5 

Basal mRNA and protein expression of AnxA5 was assessed in 
16HBE14o", CFBE41o", CFBE41o"''corr and CFBE41o-/ 
F508del cells. As shown in Fig. 3A, AnxA5 mRNA (149 bp) was 
detected in all [:ell line's ■svlu^re^as, no signal was observed in the 
negative control. The gene expression of AnxA5 was quantified in 
cells using Real-Time PGR. Analysis of the data (Fig. 3B) between 
CFBE41o-/corr and CFBE41o-/F508del ceUs showed a higher 



expression in the cells expressing the mutated CFTR. AnxA5 
expression was further assessed by western blottings (Fig. 3C). The 
statistical analysis (Fig. 3D) indicated that AnxA5 expression does 
not vary within cell lines. Nevertheless, the amount of AnxA5 
protein tended to be higher in CFBE4 1 o — /corr and 
CFBE41o"^F508del ceUs than in 16HBE14o" or CFBE41o" 
cells. 

AnxA5 Expression in Cells Submitted to GnRH Treatment 
for 60 min 

In order to determine whether GnRH modulates AnxA5 

expression and to determine the shortest time to be used for 
GnRH treatment, 16HBE14o", CFBE41o", CFBE41(r^:orr 
and CFBE41o"^F508del cells were treated with 10"^ M GnRH 
for 30, 60, 120, 180 and 310 min (not shown). At each time point, 
the protein expression of AnxA5 was evaluated and normalized 
with that of G3PDH. The AnxA5 expression was compared to 
that of cells incubated with buffer alone used as a control. Fig. 4A 
shows an example of the obtained western blots at the 60 min time 
point. An increased intensity of the AnxA5 band was observed in 
all cell types. Densitometry of the bands, normalization using 
G3PDH and quantification were performed (Fig. 4B). It was 
concluded that a 60 min treatment led to a significant increase of 
AnxA5 expression in the four cell types. 

Increased Endogenous F508del-CFTR's Function by GnRH 
Treatment 

To test the activity of CFTR channels under GnRH treatment 
in 16HBE14o", CFBE41o", CFBE41o"''corr and CFBE41o-/ 
F508del cells, functional analysis was performed by measuring the 
cAMP regulated and CFTR-dependent iodide efflux after 1 h 
incubation at 37°C with GnRH (10"^ M). The activity of CFTR 
was stimulated by a mixture of adenylate cyclase activator 
forskolin (Fsk, 10 ]lM) plus isoflavone genistein (Gst, 30 |lM) or 
inhibited by the thiazolidinone specific CFTR blocker CFTRinh- 
1 72 (10 (J.M). Example of mean traces showing an increased iodide 
efflux in 16HBE14o~ cells, untreated or treated with GnRH is 
shown in Fig. 5A. This example shows that after adding Fsk/Gst, 
the rate of iodide efflux increased at a maximum rate (peak value) 
after 4 min and that the peak was higher in the presence of 
GnRH. Experiments were conducted for all cell types and the 
results are represented as bar graphs in Fig. 5B. Statistical analysis 
indicated that in the presence of GnRH, the rates of iodide effltrx 
were significantly increased in 16HBE14o~, CFBE41o~, 
CFBE41o~''corr and CFBE41o~''F508del cells when compared 
to untreated cells, indicating that CFTR and F508del-CFTR's 
function are increased by GnRH. The concentration-response 
effect of GnRH was further determined in the presence or absence 
of Fsk and Gst (Fig. 6). Calculated an EC50 in 16HBE14o", 
CFBE41o", CFBE4Io"^corr and CFBE4Io"^F508del ceUs were 
0.6±1.4nM, 0.8±1.2nM, 0.9±1.3 nM and 2.2+1.4 nM, re- 
spectively. 

CFTR's function in CFBE41o-/corr and CFBE41o_/F508del 
cells was also assessed by patch-clamp experiments in the whole 
cell configuration ((n = 5 to 9 cells from different cell cultures. 
Fig. 7). Mean cell capacitances were 21.4 and 18.66 pF for 
CFBE41o-/corr and CFBE41o_/F508del cells, respectively. 
Fig. 7A (upper panel) show the normalized I/V curve obtained 
when CFBE41o— /corr cells were treated or not with GnRH for 1 
hour, with activators and with the CFTR inhibitor. It can be 
observed that activation and inhibition were efficient in both cases 
showing the specificity of the recordings. It was also observed that 
GnRH treatment of the cells induced an increased current density. 
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Figure 6. Concentration-dependent effect of GnRH. Concentration-dependent enhancement of CFTR's function by GnRH in 16HBE14o" (A), 
CFBE410" (B), CFBE41o"'corr (C) and CFBE41o"'F508del (D): CFTR activity was assessed with the iodide effluxes technique in the presence of 
forskoline (10 |ilVI) plus genistein (30 |xM) after 1h of incubation. Results are expressed as normalized means (± SEM, n = 4). 
doi:1 0.1 371/journal.pone.0088964.g006 



Statistical analysis was further performed and presented as a bar 
graph (Fig. 7A, lower panel). In untreated cells inhibition and 
activation of CFTR were significantly efficient whereas in treated 
cells only inhibition led to a significant decreased current density. 
When untreated cells were compared to treated cells, solely the 
basal current densities were significantly increased by GnRH. The 
absence of activation by Fsk/ Gst in GnRH treated cells could be 
explained by the fact that the concentration of the activators was 
the same in both treated and untreated cells and because tlu' basal 
current density was higlier in the presence of GnRH. The drawn 
conclusion is that GnRH induces an increased current density in 
CFBE41o-/corr cells. I/V curves obtained with CFBE4Io_/ 
F508del cells in the same conditions as for CFBE41o— /corr cells 
are shown in Fig. 7B (upper panel). As in Fig. 7A, basal normalized 
currents, as well as modulated currents by activation and 
inhibition were higher in the presence of GnRH. Statistical 
analysis and bar graphs (Fig. 7B, lower panel) showed a basal 
current in untreated CFBE41o_/F508del cells, likely due to the 
presence of Mg-ATP in the internal solution, activating the weak 
quantity of CFTR within membranes. The use of Fsk/ Gst and 
CFTRinh-172 was inefficient upon the mutated CFTR's function. 
In treated cells, the basal current density was close to 5 times 
higher than in untreated cells. This difference was highly 
significant despite being lower than in CFBE41o — /corr cells. In 
these conditions, Fsk/ Gst and CFTRinh-172 were efficient as in 
corrected cells. Therefore, F508del-CFTR's function under 



GnRH treatment exhibited the same pattern as Wt-CFTR, with 
a much lower intensity (in the range of 100 pA). 

Increased Membrane Expression of CFTR after GnRH 
Treatment 

The presence of CFTR within membranes after 1 hour 
treatment by GnRH was assessed by biotinylation experiments. 
Cells were biotinylated with Sulfo-NHS-SS-biotin, pulled-down 
with streptavidin-agarose and subjected to 7.5% SDS-PAGE. 
Total cell lysates were used as controls. Representative immuno- 
blots showing the detection of CFTR in biotinylated surface 
proteins from 16HBE14o and CFBE41o '^corr cells are shown 
in Fig. 8A and 8B, respectively. CFTR was present in total lysates 
and in pulled down samples. The densitometric analysis of 
CFTR's cell surface expression was performed and normalized 
with the biotinylated Na''"/K''"-ATPase level. The statistical 
analysis clearly indicates that the amount of biotinylated CFTR 
is higher after GnRH treated cells (Fig. 8C). An increased amount 
of CFTR in membranes of 33 and 36% was observed in 
16HBE14o~ and CFBE41o~^corr cells, respectively. Whereas 
CFTR was detected in controls, we failed to detect it in 
biotinylated surface proteins from CFBE41o~ and 
CFBE41o"^F508del ceUs (not shown). 
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Increased Membrane Localization of CFTR after GnRH 
Treatment 

Because we failed to detect CFTR in CFBE41o~ and 
CFBE41o"^F508del ceUs due to the poor expression of tlie 
protein, membrane localization of CFTR in CFBE41o~''F508del 
cells was assessed by confocal microscopy, in the absence (Fig. 9A) 
and in the presence (Fig. 9B) of a GnRH treatment (120 min). 
Without any treatment, CFTR was mainly observed around the 
nuclei of the cells. We therefore speculated that it was present in 
the ER. When cell were treated with GnRH, CFTR had a more 
spread localization and it was observed at the periphery of the 
cells, looking like the plasma membrane, as shown in Fig. 9B by 
white arrows. Controls performed without CFTR antibody 
showed no labelling (not shown). 
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Figure 7. Activation of CFTR current in CFBE41o— /corr and 
CFBE410— /FSOSdel cells by patcKi -clamp experiments. A. 

Upper panel shows l/V curves (normalized by cell capacitance pF, 
mean±SEM) for CFTR current in CFBE41o-/corr cells in the whole cell 
configuration. Basal condition is with IVlgATP in the intracellular buffer. 
CFTR was activated by forskolin plus genistein and inhibited by CFTR 
inhibitor 172. Curves obtained with and without GnRH treatment (1 
hour) were plotted. The lower panel shows the statistical analysis of the 
currents noted at +80 mV. B. Same as in A for CFBE41o-/F508del cells. 
doi:1 0.1 371/journal.pone.0088964.g007 



Comparison of the Effect of Miglustat and GnRH 

The time-dependent effects of miglustat and GnRH were 
assessed and compared in CFBE41o~ and CFBE41o"^F508del 
cells (Fig. 10). CFTR's function was assessed by the iodide effluxes 
technique in the presence of 1 nM GnRH or 100 |J.M miglustat. 
As shown in Fig. 1 OA, miglustat induced an increased iodide efflux 
in CFBE41o cells after 1 hour treatment. The increase was 
higher at the 2 hours time point. GnRH also induced an increased 
iodide efflux but the effect was lower, but significant, and did not 
increase after 2 hours of treatment. In CFBE41o ''F508del cells 
(Fig. lOB), the same time-dependent effect as in CFBE41o~ cells 
was observed. 

Discussion 

The most common mutation causing CF, F508del-CFTR, is 
known for more than 20 years [1]. The F508del-CFTR nascent 
prot(;in is rcxogiiized by the [:ellular quality control machinery and 
is degraded. A very small amount succeeds in trafficking to the cell 
membrane where it functions as a CI channel. Many efforts were 
performed in order to identify molecules that could correct the 
trafficking defect. Indeed, it is estimated that the required 
correction to ameliorate the symptoms in CF patients is between 
10% and 30% of wild-type CFTR function [40,41]. 

Among proteins that directly bind to CFTR, we previously 
showed that AnxA5 binds to NBDl and, when over expressed, 
may restore some CI channel function due to an increased 
stabilization of CFTR in membranes [28,29]. AnxA5 belongs to 
the annexin family which is characterized by calcium-dependent 
phospholipid binding. Annexins are found in a wide variety of 
species, from plants to human [42-44] . They are known to inhibit 
PLA2, PKC, and blood coagulation [42]. Under specific 
conditions, AnxA5 can also form a calcium channel [45]. Despite 
these molecular characteristics, their physiological role within cells 
remains unclear. 

Whereas the CFTR/AnxA5 interaction as well as the 
augmented Wt-CFTR wholc-c(41 currents, due to over-expression 
of AnxA5, was further confirmed, it was not seen in F508del- 
CFTR expressing cells [46]. The discrepancy with our previous 
results and within the referred study is likely due to the used cell 
system. These authors suspect that AnxA5 does not interact 
specifically ^vith CFTR. This discrepancy is likely due to the use of 
a non specific AnxA5 antibody [46]. Because it is suggested that 
some CFTR is expressed at the apical membrane in epithelial cells 
from CF patients [47], despite a reduced level when compared to 
non-CF cells, and because we found a positive effect of AnxA5, 
our aim was to highlight a non toxic mean to increase AnxA5 
expression in F508del-CFTR expressing cells. Some previous 
results clearly demonstrate that GnRH stimulation induces the 
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Figure 8. Membrane expression of CFTR after GnRIH treatment. The presence of CFTR within membranes was detected by biotinylation 
experiments. A. Representative immunoblots showing the detection of CFTR in biotinylated surface proteins from 16HBE14o" cells. CFTR is present 
in total proteins (left) and in biotinylated surface proteins (right) after GnRH treatment (10~^ M) for 60 min. The arrowheads indicate the fully 
glycosylated (180 kDa) CFTR. B. Same image as in A. with CFBE41o~'corr cells. C. Histograms of the densitometric analysis of CFTR's cell surface 
expression (n = 4) in 16HBE14o" (1) and CFBE41o"'corr (2) cells The biotinylated CFTR level is normalized to the biotinylated NaVlC-ATPase level. 
Cells incubated with buffer alone are referred as 1 arbitrary unit. 
doi:l 0.1 371/journal.pone.0088964.g008 



expression of AnxA5 in the gonadotropes, luteal cells and other 
cell types [30-32]. Therefore, we tested the hypothesis of an 
AnxA5 increased synthesis in response to GnRH stimulation in 
human epithelial cells of the airways. 

GnRH is secreted by GnRH neurons in the hypothalamus and 
is transported to the gonadotropes of the anterior pituitary gland. 
It is a decapeptide involved in the control of reproduction and 



binds to a specific G protein-coupled receptor to allow gonado- 
tropin secretion. GnRH and its receptor are reported to be 
expressed in human tissues outside of the hypothalamus, such as 
liver, heart, skeletal muscle and kidney where its functions are 
unclear [48]. 

The first step of the present work was to assess the expression of 
GnRH-R and AnxA5 in human epithelial cells (Fig. 1 to 3). 
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Figure 9. Immunolocalization of CFTR in CFBE41o-/F508del 
cells after GnRH treatment. A. Representative confocal photomi- 
crographs of the localization of F508del-CFTR in cells without any 
treatment. CFTR is likely observed around the nuclei, in the end- 
poplasmic reticulum. B. Representative confocal photomicrographs of 
the localization of F508del-CFTR in cells after GnRH treatment. CFTR is 
likely observed in the endpoplasmic reticulum but also in membranes. 
doi:10.1371/journal.pone.0088964.g009 

16HBE14 o", CFBE41o" and the transduced CFBE41o" airway 
epithelial ceU lines CFBE41o"''corr and CFBE41o"^F508del were 
used [35]. Using PGR and western blottings, we observed an 
AnxA5 and GnRH-R expression in these cells. Because the genetic 
background of 16HBE14o~, CFBE41o~ cells are difierent, their 
GnRH-R expression was not compared. The GnRH-R expression 
(protein) did not vary between CFBE41o ^corr and 
CFBE41o~''F508del cells. Because anti-GnRH-R antibodies are 
debated, we decided to assure us of the results. For this, GnRH-R 
expression was modulated (increased and decreased) before 
immunodetection and we showed that the observed band was 
indeed GnRH-R. The GnRH-R expression in airway epithelial 



Miglustat GnRH 

Figure 10. Comparison of the effect of miglustat and GnRH. 

Comparison of the time-dependent effect of GnRH or miglustat upon 
F508del-CFTR function in CFBE41o- cells (A) and in CFBE41o"''F508del 
cells (B). CFTR activity was assessed with the iodide effluxes technique 
in the presence of forskolin (10 |iM) plus genistein (30 |a.M) after 1 nIVI 
GnRH or 100 |jM miglustat incubation (n = 4). 
doi:1 0.1 371/journal.pone.0088964.g01 0 

cells is in accordance with previous results showing its expression 
in extrapituitary tissues. A high expression level of the mRNA was 
found in prostate, thymus, and kidney. In heart, brain, placenta, 
lung, liver, skeletal muscle, pancreas, colon, ovary, small intestine, 
spleen, and testis the mRNA was also detected [49] . The presence 
and localization of GnRH-R in airway epithelial cells (Calu-3) was 
also shown using immunochemical methods [49,50]. Here, we 
present for the first time the GnRH-R expression in 16HBE14o~, 
CFBE41o and the transduced CFBE41o airway epithelial cell 
lines, using immunoblots. AnxA5 expression was studied in our 
cell models at the mRNA and protein level and we found that it is 
also expressed. This result is in accordance with previous results 
[51]. Therefore, GnRH-R and AnxA5 expression being shown, 
further experiments were conducted. 

The second step of the work was to study AnxA5 expression 
vmder GnRH treatment and the effect of the hormone on the 
function of CFTR (Fig. 4 to 6). The four cell types were treated 
with GnRH (10"^ M) for 30, 60, 120, 180 and 310 min (not 
shown) and western-blottings were performed. A significant 
increased AnxA5 expression was observed at the 60 min time 
point and remained stable until 310 min. This increased 
expression of AnxA5 under GnRH treatment was previously 
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Figure 11. Schematic representation of the GnRH's effect on F508del-CFTR function. We found that F508del-CFTR's membrane 
localization and function are increased under GnRH treatment, associated with an increased expression of AnxA5 (red lines). Nevertheless, according 
to previous results, AnxA5 over expression is likely not the solely event triggered in cells by GnRH. Described events are summarized in black lines 
and their possible involvement upon F508del-CFTR activity are shovj/n in dotted black lines. 
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described. Indeed, a continuous exposure to GnRH driving a 
specific gene expression of AnxA5 without desen.sitization was 
reported [32]. Nevertheless, our further experiments were 
conducted at 60 min of GnRH treatment, corresponding to a 
significant increased AnxA5 expression in 16HBEI4o~, 
CFBE4Io", CFBE41o"^corr and CFBE4Io"''F508del cells. 
Functional analysis was performed by measuring the CFTR- 
dependent iodide efilux in the absence and in the presence of 
GnRH. Statistical analysis indicated that with GnRH, the rates of 
iodide efflux were sigiiificantiy increased in 16HBE14o~, 
CFBE41o", CFBE41o"''corr and CFBE41o"''F508del cells when 
compared to untreated cells. ECgo were relatively low (2.2 nM in 
CFBE41o ^F508del cells). To provide further evidence of an 
increased channel function of CFTR in CFBE41o — /F508del 
cells, whole-cell patch-clamp experiments were performed with 
and without GnRH treatment of the cells. The main conclusion 
drawn from these experiments is that in CFBE41o— /corr as well 
as in CFBE41o — /F508del cells, current densities via CFTR are 
increased in the presence of GnRH, corroborating the results 
obtained in iodide efilux experiments. In CFBE41o — /F508del 
cells, GnRH also lead to a regulation of CFTR by Fsk/ Gst and 
CFTRinh-172, what was not observed in untreated cells. 
Therefore, GnRH increases sufficientiy the chloride channel 
function of the mutated CFTR to lead to the observation of its 
modulation. 



Our third step was to give some potential explanations to the 
observed increased CI channel function of CFTR in the presence 
of GnRH. We assessed a possible increased anchoring of CFTR 
within membranes by biotinylation and confocal microscopy 
(Fig. 8, 9). According to our previous work [28,29], we found that 
the presence of F508del-CFTR was increased in membranes. Our 
results showing in the CFBE41o — /F508del cells an increased 
CFTR membrane localization after GnRH treatment could not be 
related to the additional plasmid inserted in the CFBE41o- cells 
because in biotinylation experiments without GnRH, the amount 
of CFTR in 16HBE140- ceUs is not different than in CFBE41o-/ 
corr cells. Nevertheless, the observed increased Cl~ channel 
function of CFTR in the presence of GnRH is likely not only due 
to the weak AnxA5 overexpression. The presence of CFTR within 
membranes after treatment was difficult to detect and due to the 
pleiotropic effects of GnRH, we hypothesize that the increased 
AnxA5 expression in likely not the only reason for this effect. 
Indeed, the expression of AnxA5 is directiy stimulated by GnRH, 
probably through protein kinase C, MAKP and calcium pathways 
which are also involved in the regulation and in the targeting of 
CFTR in membranes [30-32,38,52-54]. A schematic representa- 
tion of our findings together with known effects of GnRH is 
presented in Fig. 1 1 . The involved pathways explaining the 
increased membrane localization of F508del-CFTR when cells are 
stimulated by GnRH, as well as the involvement of calcium are 
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under investigation in our laboratory. Interestingly, the rapid and 
sustained action of GnRH seems different of the action of 
correctors or potentiators. We found of interest to compare the 
action of the well known corrector miglustat [24] with that of 
GnRH (Fig. 10). Time dependant effects of miglustat and GnRH 
were different. Whereas, miglustat induced a continuous increased 
iodide efflux until 2 hours, the GnRH effect observed at the 1 hour 
time point remained stable until the 2 hours. This observation 
permit to say that actions are likely different and reinforce the 
hypothesis that GnRH does not act as a corrector. Miglustat 
permits F508del-CFTR to escape the ER whereas GnRH 
maintains it in membranes. The association of both miglustat 
and GnRH wUl be further explored in primary cultures. 
Nevertheless, beside miglustat, several classes of F508del-CFTR 
correctors have been identified and could be tested. Indeed, 
despite many efforts to identify potentiators (.such as VX-770) and 
correctors (such as VX-809), and, recently, a class of compounds 
with dual potentiator and corrector activities, much work remain 
to find out new molecules with beneficial effects on F508del- 
CFTR defects (for review [55]). The study of a combined effect of 
GnRH together with recently described compounds would be of 
interest to assess the benefit of the association of such molecules. 



In conclusion, we show here for the first time that GnRH-R are 
expressed in the used airway epithelial cells at the protein level and 
we propose that GnRH restores some CI channel function in CF 
cells. Because some GnRH analogs such as leuprolide, buserelin 
and goserelin are already used in medical practice as nasal sprays, 
we intend to test these medications in human primary cells. 
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